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Neurotrophic Factors and Neurologic Disease
DAVID M. HOLTZMAN, MD, and WILLIAM C. MOBLEY, MD, PhD, San Francisco, California

Discovered only 40 years ago, nerve growth factor is the prototypic neurotrophic factor. By binding
to specific receptors on certain neurons in the peripheral nervous system and brain, nerve growth fac-
tor acts to enhance their survival, differentiation, and maintenance. In recent years, many additional
neurotrophic factors have been discovered; some are structurally related to nerve growth factor while
others are distinct from it. The robust actions of neurotrophic factors have suggested their use in pre-
venting or lessening the dysfunction and death of neurons in neurologic disorders. We review the
progress in defining neurotrophic factors and their receptors and in characterizing their actions. We
also discuss some of the uses of neurotrophic factors in animal models of disease. Finally, we discuss
how neurotrophic factors could be implicated in the pathogenesis of neurologic disorders.

(Holtzman DM, Mobley WC: Neurotrophic factors and neurologic disease, In Neurology—From Basics to Bed5|de

[Special Issue]. West | Med 1994; 161:246-254)

Neurotrophic factors are polypeptides that exert their
actions through binding and activating specific cell
surface receptors. It is increasingly apparent that neuro-
trophic factors have an important role in the growth, de-
velopment, and maintenance of neurons in both the
central and peripheral nervous systems. Evidence accu-
mulated over the past few years points to the existence of
a number of classes of neurotrophic factors and docu-
ments their remarkable potency on responsive neurons
(Table 1). These data are enhancing and accelerating ef-
forts to apply neurotrophic factors to the treatment of hu-
man neurologic disease. In this article we briefly discuss
the neurotrophic factors most likely to be used in clinical
studies in the near future. The structure and functions of
these molecules and their receptors are reviewed. There-
after we consider data from three experiments in which
neurotrophic factors have been used in animal models of
neurologic disease and the mechanisms by which neu-
rotrophic factors may be implicated in neurodegeneration
and its treatment.

Neurotrophic Factors

Nerve Growth Factor and
the Neurotrophins

The neurotrophic factors in the neurotrophin gene
family consist of nerve growth factor (NGF), the best
characterized member, brain-derived neurotrophic factor
(BDNF), neurotrophin (NT)-3, and NT-4/5. Nerve growth
factor was discovered by Levi-Montalcini and Hamburger
in the late 1940s and early 1950s. They were examining
the effect a target has on its innervating neural center and

TABLE 1.—Neurotrophic Factors—A Partial Listing
Factor . ' Abbreviation
Neurotrophins -
Nerve growth factor ..................oiui NGF
Brain-derived neurotrophic factor. ............... BDNF
Neurotrophin3............cooiiiiiinn, NT-3
Neurotrophin4/5 ...t NT-4/5
Ciliary neurotrophic factor. . ..................... CNTF
Leukemia inhibitory factor. .. .......... .. .o L LIF
Insulin and the insulinlike growth factors . ........... :g::l
Tumor growth factor-Bfamily .................... TGF
Glial cell line-derived neurotrophic factor .......... GDNF
Fibroblast growth factors. . .................. ... FGF-1
FGF-2
: FGF-5
Epidermal growth factor . ............. ... .. ... EGF

discovered that a particular mouse sarcoma evoked dra-
matic hypertrophy of innervating dorsal root ganglia and
sympathetic ganglia. The authors noted substantial devia-
tions from the normal pattern of embryonic development
in the extent of ganglion hyperplasia, the involvement of
ganglia distant from the site of the sarcoma, and the
bizarre, excessive innervation of various viscera.' These
findings led to the hypothesis that the neoplastic cells re-
leased a soluble, diffusible agent that promoted the differ-
entiation and growth of sympathetic and sensory neurons.
This idea was supported in experiments in which the
mouse sarcoma elicited the same effects when trans-
planted onto the chorioallantoic membrane of chick em-
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ABBREVIATIONS USED IN TEXT

BDNF = brain-derived neurotrophic factor
cDNA = complementary DNA

CNTF = ciliary neurotrophic factor
GABA = y-butyric acid

GDNEF = glial cell line-derived neurotrophic factor
IGF-I, -1I = insulinlike growth factors I, II
IL-6 = interleukin-6

LIF = leukemia inhibitory factor

mRNA = messenger RNA

NGF = nerve growth factor

NT-3, -4/5 = neurotrophins 3, 4/5

bryos, a location that allowed diffusion through the circu-
lation but prevented direct contact between the sarcoma
and developing tissue.? Levi-Montalcini and Hamburger
called the diffusible agent nerve growth factor. They were
later able to purify the material to homogeneity and dis-
covered a rich source that permitted many subsequent in-
vestigations on its biology and chemistry.?

Nerve growth factor is a 118-amino acid polypeptide
that acts on neurons in both the peripheral and central ner-
vous systems. Responsive peripheral neurons include
cells in the trigeminal sensory ganglion, dorsal root gan-
glia, and paravertebral sympathetic ganglia. Nerve
growth factor also acts on adrenal chromaffin cells. In the
central nervous system, two populations respond robustly
to NGF. These are the cholinergic neurons of the basal
forebrain and those of the caudate putamen.’ Nerve
growth factor activates responsive cells through binding
to specific receptors on their surface.® One of these recep-
tors is p75™™®. This glycosylated transmembrane protein
binds NGF with low affinity. It appears to modulate NGF
binding, but it is not yet clear how and to what extent it
influences NGF signaling.> Another transmembrane gly-
coprotein, trkA, serves as a receptor for NGF. The intra-
cellular domain of trkA encodes a tyrosine kinase (Figure
1). The binding of NGF to trkA causes it to dimerize; this
activates its kinase and leads to autophosphorylation. Ac-
tivating trkA kinase is necessary for transmitting the NGF
signal.** Signal transduction is mediated through the
phosphorylation of specific residues on trkA. These serve
to bind and to activate other proteins, including phospho-
lipase C-y and phosphatidylinositol 3-kinase.*” The sig-
naling cascade produced by NGF is continued by a
number of events, including the activation of other ki-
nases and the generation of second messengers. The de-
tails of this cascade are only beginning to be discovered.

In both the peripheral and central nervous systems,
NGF is produced in the target of innervating neurons.?
There are clear examples where neurons have access to
NGF mainly through contact with their targets. An inter-
esting requirement imposed by this arrangement is the
need to convey the NGF signal down the axon to the cell
body. How this is achieved is not yet clear.® What is clear
is that NGF signaling requires binding to trkA. In every
case, NGF-responsive cells have been shown to bear trkA
receptors. Thus, it appears that NGF produced in the tar-
get of developing and mature neurons binds to trkA on

the neurites of these cells to initiate or maintain trophic
relationships.

Brain-derived neurotrophic factor (BDNF) was dis-
covered in 1982 as the culmination of a painstaking series
of studies by Barde and colleagues.? It is a neurotrophic
factor similar in structure to NGF. Indeed, the discovery
of BDNF suggested the existence of a neurotrophin gene
family. This neurotrophic factor is a 120-amino acid
polypeptide that is 50% identical to NGF at the amino
acid level. The sequence homology was used by several
groups to isolate a third member of this family, neu-
rotrophin 3 (NT-3),** and a fourth member, neurotrophin
4/5 (NT-4/5).** Cells in the peripheral nervous system
that are responsive to BDNF include sensory neurons in
the nodose ganglion and a subpopulation of dorsal root
ganglia neurons. Brain-derived neurotrophic factor also
acts on trigeminal mesencephalic neurons. Its targets in
the central nervous system include retinal ganglion neu-
rons, hippocampal neurons, basal forebrain choliner-
gic neurons, basal forebrain «y-aminobutyric acid (GABA)-
ergic neurons, and GABAergic neurons of the ventral
mesencephalon.”® Recent studies have demonstrated that
BDNF also acts on motoneurons.'”# This neurotrophic
factor is found predominantly in the central nervous sys-
tem, where it is most abundant in the adult. The highest
levels of BDNF messenger RNA (mRNA) were found in
the hippocampus, cortex, and cerebellum.” In situ hy-
bridization histochemistry has localized BDNF mRNA to
neurons in several brain regions. These include pyrami-
dal, hilar, and dentate granule neurons of the hippocam-
pus and neurons in the neocortex.”* As with NGF, p75N™®

Binds all
neurotrophins

trk kinase
activation
initiates
intracellular
signalling
cascades

Figure 1.—The diagram illustrates the trk receptors and their
specificities for the neurotrophins—nerve growth factor (NGF),
brain-derived growth factor (BDNF), and neurotrophin (NT)-3
and NT-4/5. Ligand binding induces dimerization and autophos-
phorylation that activates signaling. The role of the low-affinity
NGF receptor (p75M*), which binds to all of the neurotrophins,
is uncertain.
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serves as a receptor for BDNF and binds this neu-
rotrophic factor with low affinity. Another member of the
trk gene family, trkB, is the signaling receptor for BDNF
(Figure 1). Transcripts of trkB are found in many central
nervous system regions, including hippocampus, basal
forebrain, neocortex, ventral mesencephalon, and in spi-
nal cord motoneurons.***? There is an important dis-
tinction with respect to trkA and trkB: there are trkB
transcripts that encode truncated proteins in which the
tyrosine kinase domain is missing.® This finding raises
the possibility that not all BDNF binding would lead to
signaling.

Neurotrophin 3 is the third member of the neuro-
trophin family. Neurons responsive to NT-3 include cells
in both the peripheral and central nervous systems.
Among responsive peripheral cells are neurons of the dor-
sal root ganglia and nodose ganglion and possibly the
sympathetic ganglia. In the central nervous system, NT-3-
responsive cells include neurons of the trigeminal mesen-
cephalic nucleus, hippocampus, and dopaminergic and
GABAergic cells in the ventral mesencephalon.”** Mo-
toneurons of the spinal cord also respond.” In the periph-
eral nervous system, NT-3 mRNA is found in muscle. In
the central nervous system, high levels of NT-3 mRNA
are found in the hippocampus and cerebellum. Neu-
rotrophin 3 mRNA has also been detected in the olfactory
bulb, neocortex, diencephalon, midbrain, and spinal
cord.?* By in situ hybridization, NT-3 mRNA has been
localized to neurons,” including embryonic motoneu-
rons.”? Like other neurotrophins, NT-3 binds to p75N .
Interestingly, it acts by binding to yet another member of
the trk family, trkC (Figure 1). Gene expression for trkC
is widespread in the central nervous system, with high
levels of trkC mRNA in the hippocampus, neocortex, and
cerebellum.”? Messenger RNA of trkC is also found in the
ventral mesencephalon® and in motoneurons.? Like trkB,
there are truncated and therefore presumably nonsignal-
ing forms of trkC.*

Neurotrophin 4/5 is the most recently discovered mem-
ber of the neurotrophin gene family. Cells in the periph-
eral nervous system that are responsive to NT-4/5 include
trigeminal, dorsal root ganglion, jugular, sympathetic,
and nodose ganglion neurons.”” In the central ner-
vous system, hippocampal neurons and dopaminergic and
GABAergic neurons of the ventral mesencephalon re-
spond,’®? as do motoneurons.” Messenger RNA of NT-
4/5 is found in muscle and other peripheral tissues' and
in the central nervous system. The highest amounts in the
central nervous system were found in pons or medulla,
hypothalamus, thalamus, and cerebellum.* Neurotrophin
4/5 is known to activate the trkB receptor (Figure 1).

The discovery of NGF as a target-derived trophic fac-
tor for peripheral neurons has had a major influence on
studies directed at understanding its expression and ac-
tions in both the peripheral and central nervous systems.
In general, data for the expression of NGF and trkA indi-
cate that NGF produced in the target of developing and
mature neurons acts through trkA to maintain the survival
and enhance the differentiation of responsive neurons.

The situation may be more complex for the other neu-
rotrophins. In some instances, a target-derived trophic re-
lationship can be inferred. In others, it appears that
autocrine or paracrine relationships may hold. An exam-
ple of the latter is found in the hippocampus, where it has
been shown that certain hippocampal neurons contain
mRNA of both BDNF and trkB.* A further complication
is the production of truncated versions of both trkB and
trkC. It will be interesting to further define and character-
ize the trophic relationships that neurotrophins use to in-
fluence the survival and function of their responsive cells.

Ciliary Neurotrophic Factor

During the past few years exciting developments have
occurred with respect to another neurotrophic factor
called ciliary neurotrophic factor (CNTF). This factor was
first purified as a substance extracted from intraocular
tissues that supported the survival of ciliary ganglion neu-
rons.” In its activity on ciliary neurons and by physico-
chemical characteristics, the partially purified factor was
found to be distinct from NGF. An enriched source of
CNTF was found in the adult rat sciatic nerve, and a mod-
ified purification protocol was used to purify CNTF activ-
ity from this source.® This allowed sequencing studies to
be done, and eventually CNTF was cloned in several lab-
oratories.** As predicted from the complementary DNA
(cDNA) sequences in rats, rabbits, and humans, CNTF is
a protein of 200 amino acids with a molecular weight of
22,700. The availability of purified recombinant protein
considerably enhanced studies of the biologic activity of
CNTE. Responsive cells of the peripheral nervous system
include ciliary ganglion neurons, dorsal root ganglia neu-
rons, sympathetic neurons, and adrenal chromaffin cells.
In the central nervous system, hippocampal neurons, fore-
brain cholinergic neurons, and other populations, in-
cluding spinal cord motoneurons, are responsive.'™ The
survival of motoneurons is enhanced by CNTF both in
vitro and in vivo.** In recent studies, disruption of the
CNTF gene was shown to produce progressive atrophy
and loss of motoneurons.” Interestingly, oligodendroglial
progenitor cells, referred to as 02A cells, respond to
CNTEF, as do mature oligodendrocytes.®

As indicated, peripheral nerves serve as a rich source
for CNTF. The production of CNTF in Schwann cells ex-
plains the levels present.® An interesting feature of CNTF
is the absence of a signal sequence. The meaning of this
finding is uncertain, but the suggestion has been made
that CNTF release may normally require cell injury with
membrane disruption. Ciliary neurotrophic factor-like ac-
tivity can be shown in stumps affixed to a lesioned nerve
in the first few days after a nerve lesion.® In the central
nervous system astrocytes may produce CNTE? and the
levels of production may increase after injury. Thus, it has
been suggested that CNTF may play the role of a lesion
factor.®

The actions of this neurotrophic factor include en-
hanced neuronal survival. This has been most dramati-
cally demonstrated in studies in vivo. Axotomy of the
facial nerve of newborn rats normally results in a substan-
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tial loss of motoneurons in the facial nucleus. The appli-
cation of CNTF to the proximal stump prevented the loss
of most neurons.* Ciliary neurotrophic factor enhances
the cholinergic differentiation of neonatal sympathetic
neurons, an effect that parallels the actions of another
neurotrophic factor called leukemia inhibitory factor
(LIF).* These two factors are biochemically distinct, but
activate similar receptors (discussed later). An interesting
feature of CNTF action in the central nervous system is
its ability to prevent the death of axotomized medial sep-
tal neurons, both cholinergic and noncholinergic in type.
Interestingly, although CNTF promoted the survival of
cholinergic neurons that are marked by p75"%, it did not
maintain the activity of choline acetyltransferase, its neu-
rotransmitter synthetic enzyme.*

Experiments to identify the CNTF receptor led to the
discovery that a specific CNTF binding protein, desig-
nated CNTF receptor a (CNTFRa), was homologous to
a receptor for the hematopoietic cytokine, interleukin-6
(IL-6).* This finding led to several developments. The
first was a structural analysis that suggested that IL-6 and
CNTF were themselves distantly related and members of
a larger family of cytokines that includes LIF, granulocyte
colony-stimulating factor, and oncostatin M. All of these
factors were known to activate similar intracellular sig-
naling events, and there was the possibility that they used
similar receptor systems. Subsequently it was found that
CNTEF, IL-6, LIF, and oncostatin M do share signal trans-

ducing receptor components (Figure 2).® All of them use
gp130, a transmembrane protein initially identified as the
IL-6 signal transducer. In addition, CNTF, LIF, and onco-
statin M require a second signal transducer known as
LIFRB. Specificity of CNTF actions arises from its bind-
ing to the a-receptor component, together with LIFR
and gp130. Receptor activation arises from the formation
of a heterodimer between LIFR and gp130 (Figure 2).
The signal is transduced through the activation of a fam-
ily of cytoplasmic tyrosine kinases known as the Jak-Tyk
family. Activation of these kinases leads to the initiation
of the signaling cascade in the responsive cell, which in-
cludes the phosphorylation of other cellular proteins.*
One of these is called acute-phase response factor. Acute-
phase response factor is a latent cytoplasmic transcription
factor that is rapidly activated in response to CNTE.
Distribution of the CNTFRa receptor should define
possible sites of CNTF action. In fact, through in situ hy-
bridization histochemistry, CNTFRa has been localized
to all the known neuronal targets of CNTF, including neu-
rons in the peripheral ganglia and spinal cord motoneu-
rons.® An interesting possibility arises from the structure
of CNTFRa. This is a glycosylphosphatidylinositol-
linked protein. This linkage is susceptible to enzymatic
cleavage, and soluble CNTFRa can be found in cere-
brospinal fluid.* It is known that cells bearing gp130
and LIFRB that are normally not responsive to CNTF
can be induced to respond by adding CNTF with soluble
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Figure 2.—Models are shown of granulocyte colony-stimulating factor (G-CSF [G]), interleukin-6 (IL-6
[1]), leukemia inhibitory factor (LIF [L]), and ciliary neurotrophic factor (CNTF [C]) receptor complexes
(GCSFR, gp130, LIFRB, and CNTFRa) compared with the trk receptor tyrosine kinases used by neu-
rotrophins (NT) (adapted from Ip and Yancopoulos®). The cytokine receptors are depicted as either ho-
modimers or heterodimers of B (gp130 and LIFRB) components. Complex formation, including the
dimerization of B-subunits, only occurs in response to ligand, and results in activation of associated Jak-
Tyk tyrosine kinases. In the model, CNTFRa converts a functional LIF receptor complex into a functional
CNTF receptor complex. Possible a components for G-CSF and LIF receptor complexes are indicated by

dashed lines.
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CNTFRa.® This suggests two possibilities. First, follow-
ing the release of CNTFRa from the neuronal membrane,
it could act to bind CNTF and prevent it from binding to
its receptor on neurons. Alternatively, after binding to
CNTEF, CNTFRa could carry it to cells expressing gp130
and LIFR and induce a response. This analysis suggests
a complexity and spectrum of CNTF actions that may be
different from those of the neurotrophins.

Other Growth Factors of Interest

The insulin gene family comprises the genes for in-
sulin and the insulinlike growth factors I and II (IGF-I
and IGF-II). There is increasing interest in the actions of
these molecules in the nervous system. Insulinlike growth
factor I is of considerable interest. The mRNA for IGF-I
is present in the target zones of trigeminal and sympa-
thetic neurons during the innervation period. It is also
found in projection neurons in the maturing sensory and
cerebellar relay systems and in nonpyramidal cells of the
hippocampus and cerebral cortex. It may also be synthe-
sized by Purkinje cells in the developing cerebellum.*
There is regulation of IGF-I mRNA levels during devel-
opment with differences from region to region in the
brain. Support for an IGF-I role in developmental regula-
tion of neuronal function and survival comes from in vitro
studies showing that IGF-I can induce neurite outgrowth
in cultured motor, sensory, and sympathetic neurons. In
addition, cortical neurons have been shown to respond,
and IGF-I induces oligodendrocyte differentiation and
myelin synthesis.* Suggesting a role for IGF-I in the de-
velopment of the neuromuscular junction, IGF-I mRNA
levels increase in muscle between embryonic day 14 and
birth. Postnatal inhibition of IGF-I mRNA may contribute
to the elimination of polyneuronal innervation.*

Insulin and the IGFs elicit their actions by binding to
specific receptors on the surface of responsive cells. The
receptors for insulin and IGF-I are similar.* Each is a
disulfide-linked heterotetramer consisting of two a- and
two B-subunits. The two a-subunits bind the ligand
through a cystein-rich domain. These subunits lie entirely
outside the cell. The B-subunits, which are linked by
disulfide bridges to the a-subunits, contain a short extra-
cellular domain and a transmembrane segment, followed
by a cytoplasmic domain. The cytoplasmic domain con-
tains an adenosine triphosphate-binding site and a tyro-
sine kinase domain. These receptors are formally similar
to those defined earlier for the neurotrophins. Activation
of the receptor occurs through ligand binding to the
a-subunit with a subsequent conformational change in the
[3-subunits leading to receptor tyrosine kinase activation
and autophosphorylation. This is followed by the activa-
tion of various intracellular substrates through phosphor-
ylation and the initiation of a cascade of events leading to
the biologic response. The IGF-II receptor is distinct from
that for insulin and IGF-I. The IGF-II receptor is a single
polypeptide chain with a large extracellular domain and a
short cytoplasmic domain. Signaling through this recep-
tor may involve glycine protein activation. The concen-
tration of IGF-I receptors peaks in the brain during fetal

development. Examining the postnatal and mature brain,
IGF-I receptor mRNA is found in sensory and cerebellar
relay systems, in the frontal cortex, Ammon’s horn, the
amygdaloid nuclei, and the suprachiasmatic nucleus. Au-
toradiography for IGF-I receptors shows rather dense la-
beling in the olfactory bulb, cerebellum, choroid plexus,
and other sites including neocortex.* Thus, both IGF-I
and its receptor are widely distributed.

Recently a glial cell line-derived neurotrophic factor
(GDNF) for midbrain dopaminergic neurons has been de-
scribed.* This potent factor was secreted by a rat glial cell
line. It was purified to homogeneity and shown to pro-
mote dopamine uptake in cultures of neurons from the
midbrain. Both rat and human cDNA for GDNF were
cloned using probes based on the amino terminal se-
quence of purified GDNF. The protein predicted from the
sequence data is a secreted molecule of 134 amino acids.
It apparently exists as a disulfide-bonded homodimer
and is distantly related to members of the transforming
growth factor-f superfamily. In midbrain cultures, GDNF
promoted the survival and differentiation of dopaminer-
gic neurons. These effects appeared to be relatively spe-
cific in that GDNF did not act on GABAergic or on
serotonergic neurons.*

Animal Models of Disease Treated
by Neurotrophic Factors

The remarkable ability of neurotrophic factors to stim-
ulate the survival and differentiation of neurons has sug-
gested their use as trophic agents in diseases. Given
advances in understanding the actions of these factors and
the distribution of their receptors, we can now begin to
develop a list of neurologic disorders and a corresponding
list of factors that may prove useful (Table 2). Important
diseases that might respond to neurotrophic factors are
Alzheimer’s disease, Parkinson’s disease, and amyotro-
phic lateral sclerosis. Peripheral neuropathy also suggests
itself. Clinical trials are currently underway for amyo-
trophic lateral sclerosis and vincristine-induced periph-
eral neuropathy. At the same time, ongoing experiments
in animal models of disease encourage the view that neu-
rotrophic factors can be used to treat neurologic disorders.

Nerve Growth Factor Treatment of
Taxol Neuropathy

Interesting studies have been done on NGF effects on
the toxic neuropathy produced by the chemotherapeutic
agent taxol.¥ Taxol has been used against solid tumors
such as malignant melanoma and ovarian carcinoma. Un-
fortunately, its use induces a toxic sensory neuropathy,
and this phenomenon has limited its clinical usefulness.
The effects of NGF on sensory neurons both in vivo and
in vitro encouraged a study in which this trophic factor
was used to attempt to prevent taxol neuropathy in vivo.

For these studies an animal model for taxol neuropa-
thy in mice was established. Taxol was administered to
the mice intraperitoneally for six days, and they were
tested three days thereafter for changes in sensory func-
tion. To assess thermal pain threshold, a modification of a
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TABLE 2.—Neurologic Disorders and Candidate Neurotrophic Factors for Therapy

Disorder

Neurotrophic Factor*

Peripheral neuropathy

Amyotrophic lateral sclerosis

Alzheimer’s disease

Parkinson’s disease

Huptington's disease

*See Table 1 for abbreviations of neurotrophic factors.

SENSOMY MEUrONS. .. oo vvvvve e neenenenees
Sympathetic neurons . ...l
Parasympathetic neurons ............... ... ...

...... CNTF

Motoneurons . . .......ooiiiiiiiii i

Basal forebrain cholinergic neurons . ..................... NGF

Neocortical neurons . .. ..........coiviieeiin..

Dopaminergic neurons . . ...........c..oovviinns

Striatal intermeurons . .. ...l

Striatal cholinergic neurons.....................c.ouinn, " NGF

NGF, BDNF, NT-3, NT-4/5
NGF, FGF-2

CNTF, BDNF, NT-4/5, IGF-1

BDNF, NT-3, NT-4/5
BDNF, NT-3, NT-4/5
GDNF, BDNF, NT-4/5, FGF-1, FGF-2, IGF-1

BDNEF, NT-4/5

standard tail-flick test was used. Mice were partially re-
strained, and their tails were placed in a beaker of water.
The temperature of the water was increased in incre-
ments, and the experimenters observed the temperature at
which the mouse flicked its tail out of the water. They
were able to show that taxol significantly increased the
temperature at which tail-flick occurred. When NGF was
administered with taxol, there was no significant differ-
ence from control animals in tail-flick temperature. Ad-
ministering taxol was also found to reduce the mean level
of substance P in the dorsal root ganglia. Substance P
marks a portion of the NGF responsive neurons in the
ganglia. Remarkably, NGF prevented the taxol-mediated
decrease in substance P levels. Electrophysiologic studies
were also carried out, and compound sensory amplitudes
were depressed in the taxol-treated subjects.- The coad-
ministration of NGF prevented the decrease. There was
little if any effect of taxol on the distal latency recorded in
the caudal nerve.”

These studies demonstrate clearly that NGF can pre-
vent the effects of taxol on measures of sensory nocicep-
tive function. How NGF exerts its effects is uncertain.
One possibility is that it in some way directly counteracts
taxol’s effects. Another possibility is that NGF protects
neurons through some indirect means. An interesting pos-
sibility raised by investigators is that taxol’s effects on the
cytoskeleton may in some way inhibit retrograde trans-
port of the signal normally arising from NGF binding to
its receptors in the periphery of sensory neurons.” If this
were the case, then the administration of exogenous nerve
growth factor could correct this deficiency by binding to
receptors on or near the cell body. These studies suggest
that NGF may be used to limit the dose-related toxicity of
taxol and thus to facilitate the use of this drug in cancer
patients. Conceivably, NGF or other neurotrophic factors
acting on peripheral neurons could be used to augment
the clinical usefulness of other cancer chemotherapeutic
agents that produce peripheral nerve injury.

Ciliary Neurotrophic Factor and
Motoneuron Disease

Several mouse mutants have been used to model mo-
toneuron disease. The pmn/pmn mouse is an autosomal
recessive mutant with progressive motor neuronopathy.*
In homozygotes, paralysis of the hind limbs begins dur-
ing the third week of life. The forelimbs become weak
thereafter, and all mice die between six and seven weeks
following birth. Histologic study of muscle shows neu-
rogenic atrophy. Axonal degeneration is seen, which ap-
pears to start at motor end plates; it is found predomi-
nantly in sciatic nerve and its branches and in the phrenic
nerve. Unaffected nerve fibers are normally myelinated,
and sensory axons are spared. In the ventral horns, mo-
toneurons show a reduction in cell size, then chromatoly-
sis, and finally cell death. The gene responsible for this
disorder is unknown.

On the basis of CNTF effects on motoneurons in vivo
and in vitro, including the ability of this factor to prevent
lesion-mediated degeneration of rat motoneurons during
early postnatal life,* investigators pursued the hypothesis
that CNTF could be used to prevent motoneuron degen-
eration in pmn/pmn mice.® It was first demonstrated that
abnormalities in CNTF production were unlikely to cause
the disease. Messenger RNA levels of CNTF in the sci-
atic nerve of these subjects were similar to those in nor-
mal mice. Also, extracts of nerves showed an equivalent
amount of CNTF biologic activity. To administer CNTF
to these subjects, a stable cell line was created by a trans-
fection of mouse D3 cells with a construct in which
CNTF genomic DNA was cloned 3’ to a cDNA fragment
coding for the first 20 amino acids of the mouse pre-
pro/NGF sequence, which includes the entire signal pep-
tide for this molecule. The thought was that this construct
would allow both synthesis and secretion of CNTF in
these animals. Experiments in which CNTF expression
was tested in vitro showed that CNTF activity was read-
ily released into the culture medium. After intraperitoneal
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administration of these cells on postnatal day 21, intraab-
dominal tumors were produced, and it was shown that
CNTF was released into the serum of these animals. The
production of CNTF in vivo was associated with en-
hanced survival and with enhanced motor performance
compared with untreated or mock-treated pmn/pmn mice.
Both treated and untreated mice were killed between
postnatal days 40 and 48. Examination of the facial nu-
cleus showed that the number of motoneurons was
greatly decreased in pmn/pmn mice and that treatment
with CNTF had a large protective effect. Thus, whereas in
untreated mice only 60% of neurons remained, in treated
mice, 86% of cells were present. Also, the number of ax-
ons in the phrenic nerve was substantially increased by
CNTF treatment.®

The data show that CNTF rescues motoneurons from
degeneration in pmn/pmn mice. They suggest that CNTF
might be used to prevent motoneuron death and dysfunc-
tion in motoneuron disease in humans. The possibility is
raised that other factors active on motoneurons might also
be useful, either given separately or in conjunction with
CNTFE.

Nerve Growth Factor and the
Trisomy 16 Mouse

The focus of work in our laboratory has been on un-
derstanding the natural processes of normal and diseased
basal forebrain cholinergic neurons. Special emphasis
has been placed on the response of these neurons to neu-
rotrophic factors, especially NGF. Basal forebrain cho-
linergic neurons atrophy and die in patients with Alz-
heimer’s disease, and it is known that these neurons are
likely to contribute substantially to learning and memory
deficits in these patients.® In developing an animal
model for Alzheimer’s disease, we made note of the in-
teresting observation that the neurologic abnormalities of
Alzheimer’s disease universally develop at an early age
in patients with the Down syndrome (trisomy 21). We
reasoned that an animal model for Down syndrome
might recapitulate important features of the neuropatho-
genesis of Alzheimer’s disease and allow us to pursue the
mechanism for the degeneration of basal forebrain cholin-
ergic neurons. The trisomy 16 mouse is a genetic model
for human Down syndrome. Mouse chromosome 16 con-
tains a cluster of genes and loci that are also located on
the proximal arm of human chromosome 21. These in-
clude the amyloid precursor protein, one of the glutamate
receptor genes, and superoxide dismutase 1. Fetal trisomy
16 mice demonstrate phenotypic features seen in Down
syndrome, including endocardial cushion defects and
hematologic and immunologic abnormalities.

We hypothesized that cholinergic neurons of trisomy
16 murine basal forebrain would show degenerative
changes over time in vivo. To compare cholinergic neu-
rons from trisomy 16 and from normal mice, we trans-
planted fetal basal forebrain from trisomy 16 mice and
from control fetuses into the hippocampus of normal
mice. The hippocampus is the normal target of these neu-
rons. Transplantation experiments showed that both tri-

somy 16 and control grafts survived for long periods in
vivo. Interestingly, while cholinergic neurons appeared
normal in both trisomy 16 and control transplants after
one month, after six months there was clear-cut atrophy
of trisomy 16 neurons. Atrophy was specific for choliner-
gic neurons.® To determine whether NGF could reverse
this atrophy, NGF was administered by intraventricular
cannulae between 5% and 6 months of age. Vehicle injec-
tion served as the control. Animals were killed at 6
months of age, and grafts were assessed by immunostain-
ing for choline acetyltransferase, the neurotransmitter
synthetic enzyme for cholinergic neurons. As in earlier
studies, there was atrophy of trisomy 16 cholinergic neu-
rons relative to control neurons. The mean cross-sectional
area was reduced by about 20% in vehicle-treated sub-
jects. Following NGF infusion, trisomy 16 cholinergic
neurons were significantly enlarged. Remarkably, both
trisomy 16 and control neurons treated with NGF were
substantially larger than control cholinergic neurons in
vehicle-treated animals. The increase for trisomy 16 cells
was to a size 29% greater than vehicle-treated control
cholinergic neurons. There was no significant difference
between the size of NGF-treated trisomy 16 and control
neurons.® In follow-up studies we asked whether NGF
levels were different in the hippocampus of animals that
received trisomy 16 cells versus those that received con-
trol cells. No difference in NGF levels was apparent. In-
deed, the size of the host basal forebrain cholinergic
neurons, which have their axons in the same hippocampal
territories as transplanted cells, was normal on both the
side of the trisomy 16 transplant and the side of the con-
trol transplant. This suggests that the level of NGF avail-
able to trisomy 16 and control neurons was equivalent.
We next asked whether NGF receptors continued to be
expressed in neurons of trisomy 16 mice. We found evi-
dence of both trkA and p75"°™ expression in both control
and trisomy 16 neurons.* The levels of receptor expres-
sion and binding are now being addressed.

Using the trisomy 16 mouse model of the Down syn-
drome, we have shown that NGF can reverse genetically
determined neuronal atrophy. Further analysis of this
model may give insight into pathways that lead to neuronal
degeneration in vivo and establish how NGF and other
neurotrophic factors could be used to prevent dysfunction
and death of these neurons in Alzheimer’s disease.

Pursuing the Mechanisms of
Neurodegeneration

The studies cited in this article give evidence that neu-
rotrophic factors can prevent or reverse the degeneration
and dysfunction of neurons caused by environmental and
genetic insults. In addition to suggesting novel forms of
therapy for these disorders, they raise the question of
whether neurotrophic factors may be implicated in the
pathogenesis of nervous system disorders. One possibil-
ity is that a primary deficiency of the neurotrophic factor
is at the root of the disease. The examples cited earlier
provide evidence that this is not required to produce such
disorders. Indeed, in the case of the trisomy 16 mouse



W|M, September 1994—Vol 161, No. 3

Neurotrophic Factors—Holtzman and Mobley 253

transplants, atrophy occurred over a several-month period
in vivo in the presence of what appear to have been nor-
mal levels of NGF. Thus, it would appear that an intrinsic
abnormality in trisomy 16 cells was responsible for the
changes that were demonstrated. No abnormality of a
trophic factor has yet been clearly implicated in a disease
state. Nevertheless, recent exciting work on mice in
which the genes for either NGF or BDNF have been
knocked out show unequivocally that eliminating the pro-
duction of individual neurotrophic factors can produce
considerable neuronal loss.®*

A second possible explanation for neurodegeneration
is that there is some fundamental abnormality in the re-
ceptor for a specific neurotrophic factor. Again, there are
no disease examples to prove the case, but the possibility
can be easily envisioned. A third possibility is that events
downstream from the receptor that are important for sig-
naling that leads to a maintenance of neuronal survival
and function are altered in diseased neurons. In fact, these
two possibilities can be combined in the case of the tri-
somy 16 mouse to suggest a means by which these neu-
rons degenerate. It is known that NGF must bind to these
receptors to activate its responsive cells. It is known also
that one response to NGF is for gene expression for its re-
ceptors to be induced in these neurons.® Thus, even a sub-
tle decrease in the ability of NGF receptors to be bound
or activated by NGF, or in any of the many downstream
events leading to the regulation of receptor gene expres-
sion, could in time result in fewer receptors at the cell sur-
face. This situation could create progressive neuronal
atrophy and conceivably even death of these cells in the
presence of normal levels of NGF.

Finally, it is worth mentioning that the response of
neurons to neurotrophic factors could be substantially dif-
ferent in patients with disease. The possibility can be en-
visioned that both beneficial and deleterious effects could
arise from neurotrophic factor treatment of diseased neu-
rons. Although it will be difficult to predict in advance in
which diseases this may occur, these observations argue
strongly for carrying out studies in realistic animal mod-
els of disease before human trials are conducted. In the
case of the trisomy 16 mouse, NGF treatment did not ap-
pear to injure the responding neurons and created no new
disorder.* Thus, for NGF there is no evidence that a dele-
terious effect would accompany its actions on diseased
basal forebrain cholinergic neurons.

The observations cited in this article make it clear
that there is a great deal of work yet to do to understand
and to exploit the therapeutic potential of neurotrophic
factors. Studies on the biology of these factors must pro-
ceed concurrently with studies designed to understand
the mechanism of their action in reversing neuro-
degeneration.

Clinical Trials Using
Neurotrophic Factors

There are several ongoing trials in which neurotrophic
factors are being used to attempt to inhibit the dysfunc-
tion and death of neurons in specific neurologic disorders.

Genentech has sponsored studies examining NGF for the
treatment of peripheral neuropathy. A Phase I trial is now
complete, and there are plans for testing NGF effects in
diabetic neuropathy later this year. Genentech has also
announced an interest in sponsoring trials of NGF in
Alzheimer’s disease. The neurotrophic factor would be
delivered by intraventricular cannula. This ambitious trial
is scheduled to begin within the next year. Amgen-Regen-
eron Partners are sponsoring a project to examine the ef-
fects of BDNF in amyotrophic lateral sclerosis. Other
trials of neurotrophic factors have also been directed at
this neurologic disorder. A Regeneron-sponsored Phase
III trial using CNTF at either a high or a low dose was re-
cently completed. The final analysis of the data is pend-
ing, but based on an interim analysis, it is not expected
that CNTF-treated patients will be improved relative to
placebo-treated controls. This is thought to be due, at
least in part, to impaired neuromuscular function result-
ing from untoward side effects, which included anorexia,
weight loss, nausea, and cough. A second trial for CNTF
in amyotrophic lateral sclerosis is being sponsored by
Synergen. In this trial, CNTF is being used at a lower
dose. There are no results as yet available. Cephalon is
also sponsoring trials in this disorder, using IGF-I in a
Phase II/III North American trial that should be com-
pleted by the end of 1994. Preliminary data analysis is ex-
pected to be available in early 1995. Cephalon is
sponsoring a similar trial in Europe; preliminary data
should be available by mid- to late-1995. Finally,
Cephalon is planning a Phase II trial using IGF-I in vin-
cristine neuropathy.
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